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CONVERSION OP ENEH&Y IN OEOSS- SECTIONAL DIVEE&ENOES 
UNDER DIFFERENT CONDITIONS -OF INFLOW* 
By H. Peters ' 

SUMMARY . \ 



This investigation treats of the conversion of energy 
in conically divergent channels with constant opening ra- 
tio and half included angle of from 2.6 to 90°, the veloc- 
ity distr ihut ion in the entrance sect ion , "being varied from 
rectangular distrihution to fully developed tur'bulence hy 
^hanging the length of the approach. The energy conver- 
sion is not completed in the exit section of the diffuser; 
complete conversion requires a discharge length which de- 
pends upon the included angle and the velocity distribu- 
tion in the entrance section^ For that reason the effi- 
ciency (ratio of rise of pressure energy to difference of 
kinetic energy of mean velocity) was determined, once for 
the diffuser aloiie, then wii^h the discharge length neces- 
sary for complete conversion. These efficiencies are, in 
part, widely at variance, an'd it was found that the veloc- 
ity distr i'but ion in the entrance section affects tlae pres- 
sure conversion very pro'foundly in the diffuser, alone,* 
hut only very little in the diffuser with exit length. 
A comparison with Gihson's experiments at a greater open- 
ing ratio, concedes the efficiency to he dependent on this 
ratio, especially for large included angles-. Complete 
elucidation of this interdependence awaits further inves- 
tigations as comparative quantities-. The conversion loss-- 
es proportionate to the losses "by sudden divergence (Carnot 
loss) are preferahle to the efficiency. 

In order to compare diffusers with different energy 
distrihutions , we assume as efficiency of the. diffuser 
with entrance length, the ratio of actual rise of energy 



* " Bnergieumset zung in Querschnittserweiterungen hei ver- 
schiedenen Zulauf bedingungen. " Ingenieur-Archiv , vol. 
II, 1931, pp. 92-107. 
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to the difference. of the mean kinet ic • energies (not the 
Jcinetic energy of the" mean veiociit ies) . ' In the eitreme 
case of developed turbulent profile in the . entrance sec- 
tion, j...:-the. discrepancy Of the so defined efficiency was 5 
perceiiT; relative to the first. 

Lastly, a spiral fan was mounted in the extreme 
length a.nd the effect of the spiral flow on the energy 
conversion in the cross-section&.'l divergence explored. 
The spiral flow was measured so that the efficiency could 
"be unequivocally defined. A comparison with the efficien- 
cy in pure axial flow reveals a marked increase as the 
spiral "becomes more intense. 



liTTEODU'CTIOK 



iThe results of previous experiments . o^^ jcircuiar ,. con- 
i.cally '.divergent channels , assume a particular sighlfi- 
■can'cfe' wi.thin the scope of the present paper. . figure 1 is 
an at'tampt to illustrate the re'^uTts of Andres (reference 
l) , Vdf francis (reference 2), Bahninger (ref'eroh ce 3) , and 
Riffart (reference 4) in form of an efficiency .. r\Q versus 
hal^f .the included angle S-: 

Ps - Pi + Pr • ■ 



... 2 (wi - Ws ) 

wlier.ein- - -.J), -.stat ic ■ pressure , w = laean veloc.ity in cross 
se^eto-'on"-,-- ' p — density, siihscript s. 1 and 2 the • respect ive- 
Jiy ha^r'Tdw '■•dh'd wide cross section, and ■:pp = 'doss due to 
wall- ■'f r'f.c'6 Ion.' ■ 'These 'data constitute pai'-t ial results of ■•' 
qud^f e 'elalJOTat-e! eacperiment s - that were t-o optinium 
"ai'^f-fuser ' f orm. Gontrihutory f actord '•"such- %s ra-tip of 6rl- 
■f-ite,-' roughness, attitude of flow in entrSiricei s ect iortii' 
etc., which influence the conversion of energy,^ were hot ■' 
Sufficiently separated from one araother or els6 hot accu- 
r&:tely -enough defined to afford conclusive evidehce of the 
individual faC'.tors Qjf influence. Consequently , 'the ■bhly - 
legitimate method of representing these data on conical "' 
diffiisers is as function of the included angle. 

■ . - Whereas the . principle of the experimental arrange- 
ments of "the res-ialts shown in f igure ,1 is the same, the 
form and . size of the chosen constrictions are different. 
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The.diff er ent types- of transition change tlie yeiooity pro- 
-f-il.e v4.li thjB .narrowest cross,- sect ion. .j Andres ' experiments 
of cixanging this prof ile "Vy ins tailing" "screens'^' per 
disks, etc., disclosed its cons ideralJl e infliience. Eif- 
fart arrived at the same result. He fitted the diffuser, 
without previous constriction, directly to a long, straight 
pipe, and was, as a result, unable to obtain constant ve- 
locity across the whole se.ction. His attempt ended in a 
decided, impairment, of efficiency. Thus the mark-ed scat- 

" t ering Qf .^,-^he.. dat'a^ figure 1 isnot at all. surprising 
and", ^Vjisjei^ily when reflecting that the. pressure taps for 
Pg ,..ar.ein.pt uniformly distrihuted across the- exit section 
of ii?Je dlStfu.s.er, Gihson's: ( refer ence 5) m"ee.surements dis- 
clps.^' the., pressure . change in . the . exit . se.bt ipn- tc'-he stilX 
inc.pmpl^t 9 ; that' father a complete pressur'e.'cbnversion re- 

'quir.e.s.a discharge length oi from 2 tp "6 .t,ime8 . the. diame*- ■ 
tier, "'.'ihese,. experiments hy iGihson are, ;hjr.' the way,' the on- 

_ly,, ;ij:'nes ' in which only one influencing quanti'ty '■^ the in- 
o'luded.,- angl^ T was systematically changed. The results 

' are,' elsev/here compar,ed with the present experiments. 

. . V r'";'? . PROBLEM 



'By . sjystematlc variation of the velo'city prof ile "be- 
fore the divergence, its influence on the energy transfor- 
mation is explored. The profile was varied "by changing 
the. entrance le.ngth I (see fig. 2), and thereby from rec- 
tangular, (potential flow) to fully developed tur'bulent ve- 
locity profile. A second problem was the examiination of., 
the^. influence of spiral flow - a rotation superposed on 
the, axial flow - on the energy conversion in cr:oss-sec- . 
tional enlargements. The spiral flow was very accurately 
defined from the velocity components and the pressure dis- 
tribution a'Cros-B the sectipnv 

This pf obiem. .of' spiral flow is o,f practical. in.tere.st 
for the: design oif turbine suction pipes. Quite, freciuent- 
ly the flow emerging from trie runner still manifests'. sB-i~ 



rals whose- intensity varies 
Andres already attempted to 



with the, degree, of loading. 
expl?i-i.n the spiral effect.' and 



r'ec'PT'd-ed'^infGr'ea'8'ed--ef^^^^^ .Bu-t- his, results are uncer- 

tai.n ..since, he failed to. givel. any exact definition of the 
spiral flow or of the record'ed pressure.-. , ., 



The present ezperiiaents were made with pipes of circu- 
lar section with straight' conical divergences in air for 



4" 
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c pjis.l^j^rft' Vifitiitfe- 'of" ••'•f-To*'. '^'-^Ve' incaTiied : aiigle 2 ^ with 

-cAnst'.ait ratio '• F^y^E^' was .varied "bet we en 

'''A'4'^Z,'6'''\ni'' ''^''= 90 . ; 

^ -r.-i::: . . /•:= ' ' 

f ^ ■ ■ EXPEEIMENTAL SET-UP (fig. 2) 

. it 'cpilsisted primarily of eeanlesa drawn hrass tuhes. 
Jlje "no z lief shaped transit ion with ' st eady "bnt not undue 
^X'iT[§/fTo'^' faxi'6oniiectiori to ■ en'trah ce length, . 6.25 cen- 
tra, ctlbn' rat io ii;isured an almost ' .^i-ect angular velocity 
9-ist'r i'tut ion ■ at the mouth of th-e' entrance "length.- The 
.spiral .freedpia, which stipulates ..constant static pressure 
across" the section, was checked .^y' at s tic pressure . survey . 
In ' order"; ^tp" insure an extensive variation of entrance 
length, ■ Vhe latter was "built up of sections of varying 
lehgth. By centering the f iangei. ( f ig. • 3) an almost shock- 
free' transition from one length to the other was ohtained, 
accor'ding to the pres stire records taken along the pipe 
section. The structural details of the conical pipe sec- 
tion are shown in figure 3, To assure that the surface 
of the diffuser, which was made of plaster, was similar to 
that of the Tarass tute, it was c'oated with shellac and 
polished. The "7. D.I, standard nozzle No. 1912 in the re- 
turn passage of 175 mm diameter seir'ved to define, the mean 
rate of flow. 

The static pressure along the test section was sur- 
veyed through four 0.8 mrnf holes §'ach in ' every test iseo- 
tion with annular compensating cha!ml)6r (fig. 4), The ve- 
locity distribution across a section was determined from 
the static pressure and the total pressure record as shown 
in figure 4; '• •■ " 

The spiral flow was prodii-be'd- hy- a guide apparatus- 
(fan) (fig.. 5) mounted between the entrance length and- the. 
transition piece from'- the"' fan-^'6'6-h The aim was a. 

spiral flow with; 'c'b'n-is'taiit ' ah-"g^^ as with.' a -r-igi'd 

body^ The flow- -'d'i3:et:tioh' is ' giV^fe'a''- with tan -6 • u/wi^ 
wherein u = t-ahgVnt'-i-al coinponeSi't-i'- and w = axia.l . oojipor 
nent of ve^-ocity. 'Thfe basis of cal,ctilat ion for the •g'ur.lde 
apparatus, i'g .Tir iefly as f ollows : -'^ -If the axial c-omponej.>:t 
w of thei 'flaw velocity c ds constant across the. Sie^crJ 
tion, the angulaT' vdiocity is: J' .r a 



*mm X .03937 ~ 



in. 



I 
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and the tfln^.ej3it jal componeait .,u of velocity c "becomes 

\wlie.rein • . r; = artiitrary radius , . R = pipe radius, "".e. = 
t angkx;i't.i.al.. viiocity;; at wall.i' a.iid 6jt .= angle of' flpw di- 
r e'c.-t'i'Q.ii at. t)b.e wall. . ■ The ■'spirai. moraejifum 

• ■ ■ . ■• d. ;J = 2 • ir- . p' . ^■H 'w,^ .tan S;^ r dye' •■ 



must equal the moment of the lift of the hlades 

Ca' z t) r idj?'. 



r d A = ^ 



HencB,' 



°a = 



with t = "blade chord, z = numher of hlades, and 
coefficient of lift "of "blade profile. Constant axial ve- 
locities . w "behind the guide apparatus are o"btained by de- 
celerating "the inner streani filaments through protu"berances , 
since t^e a'bsolute velocity c and the pressure p are 
• greater'- toward the wall than in the center. 

Exaniple: The valuo tan 5^ = ,1 is desired on 

the wall of the pipo with radius E = 0.035 m. The choice 

is z = 12," tg = 0.04 m, then, Ca '= 1,«1» How the selec- 

•p 

tion of a circular arc profile with . =.0;,1 . "blade curva- 

'■■ f ■ ■ t ■■ 

t-ure, reveals the -^nglo of attack a of the profile at 
a = 3.5° with a l/co aspect ratio. Since the tangential 
velocity at the "blade- itself is half as great ais "behind • 
the "blade, the 'actual, direction of flow, P is 



tan- p = ~ "2 ^'"^^ 



w 



The anele of the "blade profile to the axis of flOTT is dis- 
closed at (a + P) =.,30 . (See fig. " 6.) 

A raore exac-t ..dia4;.er.minat,i,on ;0,f, Jihe s.-Pi.ral;^„fi;pw hefore 
the diffuser requires the measurement of flow direction, 
total pressure, and static pressure at the wall, A suita- 
ble instrument is a cylindrical tube of 2 mm diameter with 
an 0.3 mm hole on the side. The set-up was similar to that 
of figure 4 but fitted with a device permitting the turning 

*m X 39.37 = in. 
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of'^'tlie 'cylindrical til "be, O^wing t'oiihe inaccuracy of the 
zero metliod, i.e., turning of instruraent up to maximum 
pressure reading, two syrametrical'points of the curve 
p = f(S') were estahlished hy pressure comparison in the 
zone of . -the . hig.b.er, pressure g.radient ,. and. the slope 6 of 
the. flow, direct ion toward the ' til "be axis, defined thpreftom. 
The total' pres sure, wag • recorded with the same instrument, 
hy turning it into the direct ion of flow", " and the' sVatib 
pressure through pressure taps in the wall, as "before. 
The static pressure on the inside was arrived at mathemat- 
ically hecause of the experimental difficulties involved* 



DEPIUITIOH OP BPITCIEICY 



The conventional, elementary equation for defining 
the efficiency 



fails in the cojipariS'.oii.. of o-onversion -of ener-gy ■ irith. .^rhi- 
trary distrihution of kinetic energy across the section. 

.According to . the law ,of.. energy , . w.e. have with .t lie. abso- 
lute vel.ocity' c.'.'. 

' ? 

"(pi ■+ |' Ci^ y dF /■• ■ (Ps' + '| ) Wg- d^-- -■ 0.- 

. . ■■ - ' : . -^m 

disrega,r-ding .tiie time rate of change in- yeloc ity- if 
3^ is the power' loss.. Thus-,: "d eg inning with the, .purpose 
of the diffuser, to change kinetic into potential energy, 
the efficiency is the ratio, of the actual rise in pressure 
energy to' the difference in, kineiiic energies 



total 



/ Pg ■ Wg' di' -/ p^ w^V d'?' / 
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The representative trend of the pressnre at the wall, 
•'illustrated in f igure 7 / "proves that the- pressure conver- 
sion is not conpleted i-n the exit section of the diffuser, 
that th<?re is rather a furlTiher rise of pressure in the 
dis-charge channel. A-s a f^esult', two ef f Ici-e'ncies ' can "be 
detduced', ' namely :• '" '^ • .' 

tit f ot 'the -d'if fuser -^lone (Ps- ' i'n exit s-eotion), 

T) for the diffuser wj.th the discharge channel 
^^sjl section of maximum' pressure) . 

We first treat the case of pure axial flow, for which 
u = 0 and consequently c = w and pressure -, p = constant 
across the section. Tiien equation (3) Decomes 

(Ps - Pi) ^ 1 ^1 

■^total . V ~ 

7 I dP--^/ I ws? dF 



or, with 



V- p p _ 2 p p _ 

/ g w-^s dl = A - w^3. Pi and /. .| w^a dP = B Wg^ Pg 

Ps - Pi - Pi 



'Htotai 



g Wj, A. - - Wg J3 - wi 



■A - B 



(4a) 



The definition of the efficiency solely on the "basis of 

mean velocity w, yields an efficiency iia accord with 
equation (l) whose connection with Titotal given in 

Ps." Pi _ A - B i^j. .., 



, .... 1 !■ _±--) 



1 - r^) 



_Por nearly rectangular velocity distributions, i.e., 
w = w, A Decomes = B 1 and therofore, r\ = '^^^oj^^j^- 
Outside of the rectangular ' distrihut ion of velocity the de- 
veloped turbulent distrihution prodiiced with sufficiently 



8V 
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l.p.ngr entrance lieiigth, is more- r eadi.5..y- -amenalsl.e to calcula- 
td^ou/,L and:- .-is- therefore given. ,,liere. 

. Pran'dtl's tlieprem (x.ef erence 6), accprding to. which 
th:6ir yQl-po,i:t:ies at- a Eeynolds Unm'ber of E 2 X 10^ are 
proportionate to the 1/7 power of the wall ,.d.i,s,tan ce , dis- 
closes for the turbulent velocity distribution 



1/7 •■ 



^max ^e^'ig velocity in the axis of the pipe. Then 

• th-e- "taean velocity- is- 

- = 0.816',-- 



Wmax 



a'lid the relation of the actual flow of kinetic energy per 
second to the flow energy per second of the mean velocity 
is: ■' 

A = i / (- ) dP = 1.06. 

A better approximation* to the .test data is obtained 
by rodndihg' off the velocity distribution-.ijj the channel • 
center with 



^max 



1/.7 



This eq.uation gives for m = 2, 

■ ■ — = 0. 875 and 

■■■-"■■••■Wmax 



= 0.875 and A = 1,0'45/ ^ 



*The only attempt to analyze ti is conversion loss mathemat- 
ically v/as , as far as I know, made by H. Lorenz,' in tlie 
Stodola Jubilee paper, and published in Zeitschrift fur ^ 
T'echnische Physik, vol. 10, 1929, p. 303. Al though' the 
physical argumentation of his theorem does 3io?t-1seem uncOH'- 
ditionally cogent, the final result p-,j^ = - Wg^) 

— tan ^ -with divergent angles up to i9- = 10° .. depicts the 
reau-l.tiS for smooth pipes very woll. 
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As regards the velocity distriTjut ion in the disch-arge 
channel and consequently of B, no stiminary predictions 
can he made,. But one result of the present investiga- 
tion^ is that the velocity distrilDution in the section of 
maxiimiiii pressure of the discharge channel is somewhat more 
complete than the developed turhulent velocity distribu- 
tion and practically independent of the angle of divergence 
and., of. the distribution in inflow section. The evaluation 
gave 

B = ^r- / t^) At = 1,025 to 1,035 

Figuring with a mean "B = 1«03 for turbulent velocity 
distribution in the inflow section, and wi-th ^ ' 



1/7 ^ ^^^^ 

obtain'- 



[■ 



and ^ ■ ■= 0.427 cross-section ratio, we 



■Htotal 



= 1,0 5, 



The pressure losses p^j computable' from equations 
(3) and (5) as 



A - B ■ ( -- ■■ 



^ VBjS./ 

p (Wl - Wg ) 1 - ( -i- 



can be .divided' into wall friction losses Pj. and conver- 
sion losses P-a** former can be. defined like the ... 
losses in a straight pipe as 'Vj 

= >^ I (wf (6) 

X bei-ng the co'officient of pipe friction. For the dif- 
fuser .with, constant angle 2 19-, we then obtain -.assuming 
\ = constant - .i . 



P _ 2 P 4"tan ^ 

2 Wl ~ 2 W2 

and, fo? t.he discharge channel of length . l^^ up to the 
♦See footnote, page 8., 



t -4 
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s eotion Qf :-mascinmm. pressure. , . 

' " 2 ''i " 2 ^2 • ■• Vi^j "•- ^■ 

Takiag cognizance of these frictional losses, it yields 

A (Ps.. Pi.)i .. X 



'^Oi "^I 4"tan ^ p _ , r 



+ (7") 

2- 4 tan 1^ ^ 



- m] ■ 



for the "diff user alone, and 

" ' \ ■ ■ la -_ . - (Pa - fe^'ir 

^'OlI ~ "^II 4. tan ^ /FgN^ . Ss ~ p _ g "~ " ~~ 

U:y ... 2 ^ 

X X 
■ ^'^^ " ^ 4~tan~^ +."^^— rr- ..5- 

for the diffuser with..dischafge chann'el. 

For spiral flow, situation (3) gives..-. 

^2. ' \ 

• ; ■ 7 P3 dF - / p^ w-^ :dP 



'Htotal - - ■3^- .■ 



r 

Inhere in c^-, - u^ + and p. =. p^ j._p y + / p -^-^ 

For the special case of rigid spiral iii — constant 
and w = w = constant, and efficiency can he deduced whose 
factors lend themselves more readily to measurement. The 
energy is computed as '- 

F 



- r 
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so: that the energy 'eqiiat ion,'- (2)- can- 'he'. written 
.and finally,, the e,f f iciency 



I - =:0 



P , _ 3 — a \ 

o ("Wi - W2 ) 



(8) 



".QlDvioxisly the thus-def ined, ef f i ciency . is valid only for 
this, a.s-sumed. spiral dis.tr ihut ion' and Ijlappliaahle to other 



distrifcut 



ions . 
• EXPERIMENTS [ AND; INTEEPRETAT ION 



. ... All . meiasurement s were made with approximately, the same 
voiume of flow, as stated at the beginning. The volume was 
defined at 



Q; =. a E. 



mm d.iam- 
section 



Ap = pressure gradient at standard nozzle of 175 
eter in the return passage. Since the narrowest 
P of the entrance length happened to equal section P^ 
of the entrance length, the dynamic pressure of the mean 
velocity in section P], is 



■ 2.. 



= a- A p-. 



The coefficient of flow a was taken at a = 0.97 from- 
a report hy Mueller and Peters (reference 7), This dyiiam- 
ic pressure was kept ; cbnistant for all" mea'surefflont s : • ^ w = 
112, which gave as Reynolds Number for a mean -kinematic 
viscosity u • 



w 

E = - 



1^^ 



=2 X :10* 



• ■ alL£i.eLi^i»Ll.rZ.':..3u^^ lii order to ' avoid flow dis- 

tuThances before -the diff user durirM3 surv^eys with pitot ' 
tuies , ' e.tc;=; - the.' irieasuremeht 8 of " ths velocity' ddst'ribut ion 



12 
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and of the /Spiral, fiflw... were.; made separa^^^ for different 
entrance lengths. 

Figure 8'- shasirs the;.'Velocit-y.'-' di.strlltutions =• = f f =~ ) 

""max VKi/ 

recorded. in pure axial flow without diffuser. The profile 
was symmetrical to the axis of i'thV' p-ipei The instruihexi'tal 
accuracy was checked with the continuity equation 

■■- ■ ■ . / wi' dT = wi 

The mean velocity arrived at "by integration was, on the 

whole, 1 percent higher than that ohtained with the stand- 
ard' -no z-^-le.- ' indisptltahlB- pro^o cause of this dis- 
crepah'cy- %aV noV^^^ -I t'" infight' "be-'abe to erroneous 
measurement of the static pressure through thfe" wall ori- 
fices,* or it might have teen caused "by erroneous iiieasure- 
ment of the total pressure 'adjacen'^' t'c the wall. Another 
source of error is the inevitable velocity fluctuation, 
since the pitot tube records the mean value of w^ with 
r^espect ■ to' t-iine' &fid is ' cbns equeh"t';i'y 'always greater than 

^""^^mean-^ • 

Prom the velocity distribution we deduced the value 

A, which compares the- flow of - Icinetic energy per second 

with the product of flow volume and the kinetic 

.pr . , . g - .. . 

energy of mean velocity ^ .(w^^") 



dF. 



In figure 9, A is plotted against entrance length l/Hj.. 
It also shows the pressure "drop in this length. The wall 
pressure p relative to dynamic pressure P (wi)^ is 

shQ.wn .vers.us the entrance .length, ... 

The cpc.f.f icient of pipe friction X betwee.n I = 50 
and 60 Di is :. 

Pr \ 
X =, f~- = 0,0083 

2 • 



*In. Gr. Fuhriaaim' s - "-Theoretische n:>-d exp-erimer.t elle 'TJnter- 
suchungen an .Bal-lGnviodel.l en , 3eTl in , .. 1912-, .-. the measure- 
ments .were.: made:. .w.i;t-li ,aa 0,.S mm . pr.^if ice,; diamet ey-.-and, gave, 
static pressures approximately 0,8 percent too low. 
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This i" x,g-D.re agr.ees. with th.at of-^:,St;antan- -ancL Pann^ll (ref- 
erence' i^S).,, that, is , \ = 0.008. ' fairly clo.sely for equal 
Reynolds Numher. 

For spiral flow we determined the flow direction in 
the different seetions hy,,the angl^' of... flow direction 6 
with the pipe axis and the total pr.-essure • pg and^measured 
the wall pressure pg. Figure 10 shows the values 

tan = V fl^ - - - 

w \Ri/ 

for the individual sections. The lack of symmetry with the 
pipe axis is due to inaccuracies iii; woi^^ of the 

guide apparatus, and palrtly due also to a flight curvature 
of the test section as disclosed in .dUhsequent experiments. 

The stat ic. pressur.e . on the ..inside, yielded to step-hy- 
y.t ep -integrat ion -,- : 

: P'.=. Pp + /p.u= 2 /sin^ S.(.p..-.p) ^ 

'Tlgures 11-16 give vei'b'city- components ^i/Wi and v^x/'wi 
versus ri/Ei. 'The values 'o'bt^ined across a diameter are. 
plotted with different .li'ota.tiott" of the test points against 
'a radius. The Solid dots refer to one-, 'the rings "to tlie ' 
other half of the test diam,eter. ■ - ' 

■ The instrumental accuracy., again chec'k'ed' "by • comparing 
the. integration, result: with that from the -standa-rd nozzle, 
ranged within -1 percent and +3 percent. ) 

The flow of energy per second through ..each section 
with spiral flow, was determined as for axial flow and 
equated to the flow energy per second of the mean velocity. 
These equations are:- 

1 ?-/c,.^ w 



/ ( =^ =^ dp, for the kinetic energy, 

_ \ Wx / Wi 

r- J ( =- ) dP , for the' spiral energy, 



14 



N.A.O.A. Technical Memorandum Ho. 737 



1 



- , Pi 

— J — — dS*! for the pressure energy, 



— / —2 ___ , for the total energy. 



2 



They are given in figure 17 versus entrance length I /Di . 

PB 

Tiie plot also shows the pressure at the pipe wall 

2 Wi^ . 

and the pressure — ^-5-— ih thfe pipe axis. 

t) The.ac.tual diffuser tests.- They revealed the pres- 
sure along the test section through holes in the walls, a 
case in. point Tseing shown in figure 18. Prom these dia- 
grams the pressure p^ in the entrance section is obtained 
hy extrapolation of the pressure curve in the entrance 
length, the pressure Vz j exit section "by extrapo- 

lation of the pressure curve in the discharge channel up 
to the discharge section of thediffuser and pressure 
pgjj as maximum pressure in the discharge channel. (Com- 
pare fig. 17.) . . 

We start with an analysis of the investigation for 
pure axial flow. To define the efficiency according to 
(4a) 

?P - :Pl ■ 



'total 



^3 " '^1 

the quantities are taken conformably to figure 

2 

1 -ei - W \3 

18, and A = — / : -- dr conf omiably to A as func- 
tion of the entrance length (fig. 9).- The value B = 

1 /W^3 

- / (~> dj, which corresponds to the flow of kinetic 



energy per second in section , must be defined from 
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the ■y;e,locity distriTDut ion survey in section Eg , which, 
ho.w^ver, ±a yexy difficult unless the flow is orderly, 
A§, ':dr'it'er ion for orderly flow, the start of the' linear 
pressure dt'op along the section can he taken, which approx- 
imately lies in the section of maximum pressure. The dis- 
tance la of this section from that of the diffuser exit, 
is contingent upon the angle of divergence and on the ve- 
locity profile in the entrance section. The possible in- 
fluence of the opening ratio could not "be explained "by the 
present program which was confined to one ratio only, Fig- 
ure 19 exhibits the requisite discharge lengths up to the 
section of maximum pressure f'si/'^z as function of entrance 
length 1/Di , with the . paramet er of half included angle 
^ as a compensated set of curves. The accuracy is to 
wii:hin O-Stoli^g. 

The experimental set-up permitted the measurement of 
the velocity distribution at 1.1 Ija , 2.9 Da, 4,7 
and 6.6 Dg distance from the exit section of the diffuser. 
In these sections the velocity. distribution was explored 
for the diffusers with i3- - 3.9°-, 7,35?, 14,2°, and 33.5 
with 2,1 Di , 10.1 Di , and 27.1 Dj, entrance lengths. 
The evaluation revealed for the section of maximum pres- 
sure a somewhat more complete velocity profile than the 
developed turbulent profile, almost independent of the an- 
gle of divergence aiid of the velocity profile in the en- 
trance section of the diffuser. To check the instrumental 
accuracy, the integrated mean velocity was compared with 
the velocity obtained from that of the volume. In the al- 
most orderly flow of maximum pressure the error, always 
positive, amounted to +2 percent, and in the unordered 
flow', -up to +6 percent. Value B, corresponding to the 
flow of energy per second in the section of maximum pres- 
sure ranged between 

. . B = --./ (™) dP = 1.025 to i.035 

Since the instrumental accuracy was generally not greater 
than i"l percent, the efficiency 

,. (Ps - , Ea.) II 



"^total „ - ,n s2 -I 



P - 2 

2 



was defined with a mean B = 1.03 for all included angles 
1^. (See fig. 20.) 



: J ^-.'.BffcaTisS of. -' tH'§ -viiiA:* curat el : me"*6^ii*-eiS&':^t -■ ■ " 

secibi.dB-.-..if self , '■■tli6 ^'et ermiria:t ida^vof \- foirvtHis .Sbfetion- 
was •-.leiia it t' e d a n a ' • t li e ■ e f f i c i e n JS'j^ -i- & i itt^ 

, (p^; _ o ^ f; . a .1 _ / 1 • v ...^^^ 

..1 %i ^ , v • - , i . >^ ■ / * ' . .'. ■ • 

V '■■ ■" " " ■' ■ ■ ■ - - - . 



;^,aEL.d a cap T ding to (7) 



(figs. :;2:1 \?DBc<i: 22) , Por /cO'Egpi'atisp'sn ol^lse /-aiiniliarly' 
efficiencies of dif fuser with discliarge clisnffiefl ■ . " 



•aild •■ " '''y'^''' i--. 

-'W' •= V .-f^ -q: ^ ' - 4I f ' ^- ■■ ■■■■ " ^ i 
-^vj^ ; r-;.! ; -. ;. , • . - j .^v..;: :c;: t& o .1 . ^(^^j I;;'.: t:;:: .. ^r; ; ■■ 

■ a-r e' '-u^'ed ('fig i- ^2 3')' ''to' , iilus^Mi/'i 'the e'liergy "thWi' i's ■'lost; 
ia^-'KKe a'^b'sein be -^ii^ ••dlW-c'fiar^W •'•cliaan'efl--i; '' 'fjL^-f e '24; slio^.^,' 
Tj'jj^'j •-•''as fTinct-ioTi-'"'d;f ^'Half'- iJidWde^ '^ng'Tir^ f ^.Jjlbtf; "^iY:t&^'e^t 

ent rance length^Si. ^ ^Gthson s /!ezpe-riwent,s ,• cijt.Qi.at, .•t.lj-<s-.j->.e«rj 
ianitig of ;-th.i,s, .a.i^^t were- a:a.d6. . -with ,;2I^-:- -..eintranoe-. ■ 

le¥i.gth and ■ •"=f 4vO ' ratio, alid are inc^ii^eC''^ 
25. The com{)arison clearly shows that '.tifie "e'f f i'cieacy ' eve^^ 
with small angles i9- is not, as i ■j:.e,q;u en tlyl assumed', inde- 
pendent of altho-ugh the 6ff.iciency is '-not quite 
suitable for the comparison of diffusers of different 
^s/^x:,.. is. .'better to use the spoc-ific. .cj3.iwrQrsipji. 1q.,s,S' 
Py as' comparative quantity. and to refer its.t.o^'rtJip Id^.s.- .-; 
at the sudden sectional divergence •5- = 90°. The loss at 
•S- = 90° (Carnot's loss!) is, apcording to the momentum 
j7 theory ■ ■ ■ - ^" 

s 



^^^^=90°)^ 2. ^'^i' ■ ""^^ " 2-''^-. 



J 
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so long as 'ihe'^.thereliy st ipiila-t ed agsiiinpt ion of ""constant 
pressure across tK9v;pg.rt icTiliar section'^ holds ■■tapu6,- In 
the present comparative case it gives 



(Wl - Ws) ' (l « -L.) ;^ 

"because A - B \ji~J ^ 1 - with entrance length 

--= 2. Figure S6 sho*3 - -^=-^^ •plotted against. - 

2 (wi - Ws ) ■ ■ ■:•■ - ■ 

ji • p 

4 1^ for ™ — = 2-i34: and" =' 4,0 ratio. Here the accord 

of the two tests is ..'much "better; for ^ = 90° the curves . 
approach ..the theoretical value _ 1 very closely. 

The diffuser tests with spiral flow included three dif** 
fere.nt. spacings of , th.e.. diffuser from the .spiral fan - 
2,7,l..Di'/ 41.1./|).i, , and: 60.1 p"^^ - that' 'is, three' different 

spiral forms. The interpolation of f igjii-e 10 yielded thfef 
spiral distribution tan 8 = ( f ig . ' 2V)""'f 6 r 'these three 

entrance 1 engths. .: • The wall., pres sure pj^ was recorded 
through taps along the test section, and the- total pressure 
and the direction .of flow defined "in a section at 2.9 D3 

distance from!' the exit section of the diffuser. Step-ty- 
step integration of the pressure 

- ^ ■ • ■ ir ■ .- v: 

then conceded . 

,/ V Pis ""2 . dS" . as well as / ^ Cs^ Wg dJ. 

The, :p.ot ent ial energy in the entrance sectio:tt .t.tj; ; " 
/ ■El dP = ,pg P,-/ w/ / p u= ^ - 7 p .ti= 

. • - .. . ^ O : -.0 . ^ 

can "be determined from the pressure record pj^ at the 
wall and the dimgrisionless 



dp 
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P - 3 



1 ^1 



and 



P - a 
2 



p - 



2 ''l 



of 

P 

2 
1 

j7 



figure 17, The kinetic energy in entrance section 
/ ^1 attainable fortlirith from 



1 , .C s2 

/•■:-•(——) =— dp of fignare 17 by multiplication with 



' 1 

iiJ-: 



■^12 ^1 * efficiencies computed from these values 

.apcordance ivith (s) 



''^total p 



/ Ps ^2 - / Pi ^1 



/' I c,2 dF - I / c/ W3 dF. 



a^ye sliown for 27.1 D^^^ , ■ 41.1 D^- , and 60.1 D-|_ ■'• diffuse? 
s']?acing versus -^d- in' f igure :28 - along with th©;- total • ef- 
ficiencies-- (equat ion (4)) 



T^total ~ 



'Ps - Pi) II ^1 ^1 



I / W^3 dP - 



Wg3 dP 



for irrotational flow with 2D^ entrance length. These 
efficiencies are valid only for the diffuser fi.tted with 
entrance length. The determination of other efficiencies, 
say, according to equation (8), wherein only the wall '. . ■ • 
pressure and Fs/Pi are evaluated, was omitted, because 
the conditions U) = constant and w = w could in no case 
be exactly complied with. The efficiency for the diffuser 
alone was also omitted because the measur eme;3it of the ve- 
locity distribution and of the flow direction directly in 
the exit section involves great obstacles and even the. ex- 
trapolation of the wall pre.ssn.r e " \ip to the exit section 
engenders greater inaccuracy as a result of the marked 
pressure gradient, especially with large ^. • .... , 

The distance Iq^/D^ of the section of maximum pres- 
sure from the discharge section of the diffuser is shown 
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in figure 29 plotted against -|- -3- for tlie three explored 
spiral flows .... ■ 



Translation Toy J, Vanier, 
National Advisory Committee 
for Aeronautics. 
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